Six digestion mals were conducted using eight Suffolk rams (four/uial; two trials run concurrently) to determine the ability of 11 techniques to estimate in vivo apparent DM digestibility (DMD). Diets (trials) were as follows: 1) ad libitum access to chopped fescue hay, 2) ad libiturn access to alfalfa hay, 3) limit-fed fescue hay, 4) limit-fed alfalfa hay, 5) 25% soybean meal and 75% fescue hay and 6) 40% rolled corn and 60% alfalfa hay. Total feces were collected for 7 d following a 21-d adaptation to each diet. Digestibility methods evaluated were the following: 1) in vitro disappearance (INVITRO); 2) 48 h and 3) 72 h in situ nylon bag (48NB. 721VB); 4) 48NB followed by a 48-h acid pepsin digestion; 5) 96 h and 6) 144 h in vitro fermentation fvllowed by NDF analysis (INDF96 and 1NDF144) 7) 96 h and 8) 144 h in vitro fermentation followed by ADF analysis (IADF96 and IADF144); 9) ADL ratio; 10) alkaline hydrogen peroxide treatment before ADL analysis (APFPRE) and 11) alkaline hydrogen peroxide treatment after ADF extraction of ADL (ADLPST).
Introduction

effects on digestibility. Early work in marker
Since the 1960s many pasture and range studies have coupled fecal output estimates with in vitro digestibility measurements to calculate intake (Cordova et al., 1978) . However, several researchers have reported that in vitro estimates are unreliable estimates of in vivo digestibility because of associative effects (Mehrez et al., 1983) . level of intake effects (Van Soest. 1982) , rate of passage differences (Ellis, 1978) and variation in botanical composition of the diet (Holechek et al.. 1986 ).
Internal markers and in situ techniques have been suggested as ways to adjust for these ' technology provided only one fairly reliable marker, lignin (Kotb and Luckey, 1972) . Because of errors in analytical methodology and lignin recovery, however, many other markers have been proposed (Galyean et al., 1987) . Indigestible NDF and ADF (Berger et al., 19751) have provided variable results (Galyean et al., 1987) . More recently, Cochran et al. (1988) proposed two new lignin techniques to reduce some of the problems associated with lignin. The purpose of this study was to evaluate the accuracy of markers to estimate in vivo digestibility under various dietary conditions.
Materials and Methods
Six independent digestion trials were conducted to determine the ability of 11 tech-1405 niques to estimate in vivo apparent digestibility (INVIVO). Eight ruminally cannulated, yearling Suffolk rams (avg BW = 77 kg) were used in these six digestion mals (four rams/ trial). Rams were housed in metabolism pens (1.2 x 1.2 m) with free access to water and trace-mineralized salt'. Other than the six diets used in this study (one/trial), no treatments were imposed on the rams. The entire quantity of both hays fed in all six trials was chopped to pass through a 2.54-cm screen, mixed and stored indoors. Concentrates also were mixed and stored in plastic barrels. All feeds were remixed weekly to minimize separation and settling. Subsequent analysis of daily feed and ort samples, pooled across 7 d, suggested that analytical changes over time were minimal (data not shown).
Experimental diets (Table 1) were as follows: chopped fescue hay available ad libitum (daily DM intake [DMI] was 32.1 g/kg BW), 2) chopped alfalfa hay available libitum (daily DMI was 33.6 g.kg BW). 3) chopped fescue hay limit-fed (daily DMI was 14.3 g/kg BW), 4) chopped alfalfa hay limit-fed (daily DMI was 14.5 gkg BW), 5) 25% soybean meal, plus 758 chopped fescue hay limit-fed (daily DMI was 30.0 g/kg of BW) and 6) 40% dry rolled corn plus 60% chopped alfalfa hay limit-fed (daily DMI was 32.0 g/kg BW). Diets were chosen to be representative of 1) an allgrass hay, full-fed; 2) a harvested legume diet, full-fed; 3) an all-grass hay diet with restricted intake (projected to be 50% of ad libitum intake); 4) a harvested legume diet with restricted intake (projected to be 50% of ad libitum intake); 5) a diet in which positive associative effects may exist and 6) a diet in which negative associative effects may exist.
Pairs of digestion trials were conducted concurrently (Diets 1 and 2; 3 and 4; and 5 and 6). Rams were randomized to the first pair of digestion trials and were rerandomized in each subsequent period. Rams were placed in pens for a 2 1 4 adaptation period followed by a 7-d total fecal collection in each mal. Feed was provided at 0700 and ad libitum access diets were provided at 130% of intake. Total fecal collection bags were fitted to each ram on d 15 of the adaptation period and remained in place until the end of the collection period. Fecal bags were emptied twice daily, and, during the collection period, contents were weighed and a 10% mixed aliquot was dried at 50°C and reweighed to determine preliminary DM. The entire set of dried aliquots representing each 7-d fecal collection were ground through a 2-mm screen in a Wiley mill. Subsequently, concentrations of DM (AOAC, 1984) and each dietary marker were determined on air-dried feces. In vivo apparent digestibility (INVIVO) was calculated as 100 times (intake -fecal output)/intake; INVIVO was compared with all other methods of estimating digestibility. Eleven methods were evaluated for their ability to estimate in vivo digestibility. Feed samples and orts (Diets 1 and 2 only), used in subsequent digestibility estimates, were obtained from daily sampling of hay and concentrate during the 7-d collection period. Feed and ort samples were analyzed for DM and CP (AOAC, 1984) ; fiber was nonsequentially fractionated into NDF, ADF and ADL (Goering and Van Soest, 1970) .
In vitro DM disappearance (INVITRO) was measured on the same feedstuffs used in each mal. Two days after the final fecal collection, and just before feeding, 500 ml of ruminal fluid were withdrawn from each ram and strained through four layers of 60 mesh cheesecloth. Ruminal fluid from each ram was used to inoculate triplicate tubes (120 x 26 mm plastic) containing .5 g of the appropriate feed or orts ground through a 2-mm screen and four blank tubes. Tubes were considered as the subsample and ram was the replicate because ruminal fluid from each ram was used. A 4:l ratio of McDougall's buffer and ruminal fluid was used. Tubes were flushed with CO2, capped and incubated (39°C) in a water bath for 48 h, then removed and frozen at -40°C. Subsequently, tubes were thawed and cenmfuged at 2,500 x g for 15 min. The supernatant fluid was removed and the pellet was resuspended in a 1 N HCI-pepsin solution and reincubated (39'C) for 48 h. Remaining fluid and feed residue was filtered through a modified Buchner funnel with ashless filter paper3. Digestibility was calculated by standard procedures, accounting for blank tube correction. When concentrates were fed, digestibilities of diet components were determined separately and combined in the same proportion as that found in the diet.
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Nylon bag techniques involved duplicate sets of duplicate sample bags incubated for 48-h (48NB) or 72-h (72NB) periods. Within either time grouping of bags, two bags containing 3 g of feed or orts ground through a 2-mm screen, and one bag (9 x 16 cm, pore size = 27 x 47 pm) were suspended in each ram just before feeding. The second set for each time period was inserted after removal of the first set. Bags were rinsed immediately with cold water until the rinse water was clear; washed bags were frozen at -40°C. Bags subsequently were dried at 100°C for 72 h and weighed. Digestibility was calculated by difference in weight. Additionally, 48NB bags were emptied and .5 g of contents were incubated in pepsin for 48 h, similar to the INVITRO technique (Krysl et al., 1987) . This value was used to predict digestibility (48NBPEP). Digestibility values for the concentrates and hays were combined in a manner similar to that described for INVITKO.
Four indigestible fiber ratio methods were evaluated. All four methods involved incubating triplicate .5-g samples of the appropriate feed and ORS (Diets 1 and 2 only) and feces from each animal in ruminal fluid (see INVITRO) pooled across rams within a diet. Methods employed were a 96-or 144-h incubation followed by either NDF extraction (INDF96 and INDF144, respectively: Lippke et al., 1986 , Galyean et al., 1987 or ADF extraction (IADF96 and IADF144, respectively; Galyean et al., 1987) . Ratios of each marker in the forage, orts and feces were calculated for each ram and used as an estimate of digestibility in Diets 1, 2, 3 and 4.
Diets 5 and 6 required proportionally averaging values for forage and concentme before calculating the ratio to feces.
Three lignin ratio estimates were evaluated for their ability to predict diet digestibility.
The first lignin method was an acid detergent extraction followed by a 3-h digest in 72% v/v H2SO4 (Goering and Van Soest. 1970: ADL) . The second and third methods involved a 24-h immersion in a 1% v/v alkaline hydrogen peroxide solution (pH adjusted to 11.55 with NaOH) as part of the extraction procedure. Specifically, triplicate I-g samples of feed or orts were soaked in pH-adjusted 1% hydrogen peroxide either before or after ADF extraction (APLPRE and APLPST, respectively), with a subsequent 3-h digest in 72% v/v HzS04 (Cochran et al., 1988) . The ratio of each marker in the forage, orts (Diets 1 and 2 only) and feces was calculated for each ram and used a s an estimate of digestibility for Diets 1, 2, 3 and 4. Diets 5 and 6 required proportionally averaging the values of both the forage and concentrate before calculating the ratio to feces.
Marker concentration in Orts, pooled across the last 7 d of each adaptation period for Diets 1 and 2, were used in calculating marker consumed by adjusting the quantity of marker consumed each day for the quantity uneaten. Digestibility of Orts from in vitro and in situ procedures was used to adjust the digestibility estimates obtained from the diet samples.
Fecal marker recovery was calculated by determining the percentage marker disappearance or appearance using the procedure of Schneider and Flatt (1975) . Marker disappearance or appearance was subtracted or added, respectively, to 100 to calculate marker recovery. Coefficients of variation for each digestibility technique were calculated as described by Steel and Tome (1980) .
Estimates of dry matter digestibility (DMD) and fecal recovery (marker methods only) were analyzed within each diet by a one-way ANOVA for a completely random design. Only mean estimates from each animal were used in the AKOVA; hence, the residual error term reflects only experimental error and not analytical error. When the F-test was significant (P < 45). digestibility and fecal recovery means were separated (P < .05) using the least significant difference procedure; however, only preplanned comparisons were tested (Steel and Tome, 1980) . Within a diet, all digestibility and fecal recovery (marker techniques only) means were compared with INVIVO and comparisons were made among estimates from similar techniques (in vitro methods, in situ methods, indigestible fibers and lignin). Statistical differences between INVIVO and each marker technique were compared at the 95 and 99% confidence levels; statistical differences within a method grouping were compared at the 90 and 95% confidence levels. Additionally. Bartlett's test for homogeneity of variance and a chi-square analysis of standard errors was conducted on fecal recovery and DMD estimates within a diet. No difference (P > .lo) was noted for any of these tests of variation. However, given the theoretical tendency for laboratory measures to have different variances, a t-test for unequal variances also was used. No difference in results between the oneway ANOVA method and the t-tests was noted for any comparison made in this data set. As a result, the one-way ANOVA results were used to draw inferences and prepare tables. All statistical analyses were conducted using SAS (1987) . 
Results
Ad Libitum
Discussion
Over all diets fed, none of these 11 digestibility estimation techniques consistently provided accurate estimates of apparent in vivo digestion. However, several techniques showed promise with specific dietary conditions. Ad libitum fescue and alfalfa hay diet digestibility was predicted consistently by the INVITRO technique but underestimated when intake was limited to half of ad libitum levels or when combined with soybean meal. One possible reason for INVITRO values being less than INVIVO with limit-fed diets but not with diets provided ad libitum is differences in ruminal fluid composition. In all trials, ruminal fluid was withdrawn before feeding. When animals were limit-fed, this might have resulted in reduced microbial numbers or nutrient deficiencies that limited the rate or extent of digestion within the in vitro system. Ruminal fluid was obtained before feeding to simulate in vivo conditions that occur when daily feeding begins. Withdrawal of fluid before feeding may be one reason why in vitro DM disappearance values for limit-fed diets were lower than for diets provided ad libitum. Reasons for the inability of the INVITRO to accurately predict INVIVO values of the grass hayhoybean meal diet are not readily apparent. Several authors (Ldnglands, 1975; Kartchner and Campbell, 1979; Holechek et al., 1986) have reported inaccuracies in the in vitro technique in estimating digestibility of Nsupplemented diets. Most discussion has related to accounting for positive associative effects (Galyean et al., 1987) and incubation time (Holechek et al., 1986) . Some researchers (Mehrez et al., 1983; Holechek et al., 1986) have elected to use incubation times shorter or longer than 48 h depending on forage, diet quality and botanical composition, or to supplement the in vitro inoculum with N. However, timing and amount of supplement have not been well established (Galyean et al.. 1987) .
In situ digestion techniques resulted in variable results, with the 48NBPEP overestimating digestibility across all diets. Krysl et al. (1987) compared the use of either this technique or in vitro combined with fecal output estimates fiom a pulse dose of Yb-labeled hay to estimate intake. Intake estimates from 48NBPEP were within 1% of actual, whereas in vitro values were within 15 to 20% of actual intake. Galyean et al. (1987) suggest that these results may have been fortuitous because in vivo digestibility was not measured. Removal of the pepsin treatment (48NB) provided an accurate estimation of digestion only for the limit-fed alfalfa hay diet and the alfalfa haycorn diets. Extension of in situ time to 72 h (72NB) provided an accurate estimation of the limit-fed alfalfa hay diet. Consistent overestimation of all other diets by any of the three in situ methods suggests that all incubation times were longer than in vivo ruminal retention time. Krysl et al. (1988) suggested that ruminal incubation time should reflect ruminal reten-tion time as predicted by digesta passage. Unfortunately, many nutritional studies do not measure digesta passage to predetermine incubation time. Certainly, present data support the statements of Krysl et al. (1988) that fixed incubation times will not be applicable to all diets and situations.
Indigestible fiber methods tended to underestimate digestion of all-forage diets at both restricted and ad libitum levels of intake. However, at least one of these methods worked when forages were combined with concentrate. Specifically, IADF96 accurately predicted digestibility of the grass hay-soybean meal and alfalfa hay-corn diets, whereas INDF96 and INDF144 only estimated digestibility accurately of the alfalfa hay-corn diet. Cochran et al. (1986) reported that both IADF144 and INDF144 accurately predicted apparent digestibility of post-ripe, sun-cured tall wheatgrass hay supplemented with soybean meal. Published data show a trend for indigestible marker methods to accurately predict digestibility of diets containing concentrates. One potential reason for this trend may be the higher percentage of more indigestible material within the fibrous fraction of concentrates compared with forages. In the current study, ADL of the concentrates made up over 20% of the total ADF fkaction whereas ADL as a percent of ADF in forages was below 20% (Table 1) . Furthermore, indigestible marker values for concentrates correspond more closely to ADL values than to forage values. Although ADL values may not be the best estimate of indigestible feed matter, ADL generally represents a poorly degraded fraction. Problems associated with the other inherent indigestible markers may reflect their inability to accurately predict the refractory substances.
Apparent digestibility estimates within fiber method and across time showed an expected trend. Both INDF96 and IADF96 consistently gave lower estimates of digestibility than 144 h incubation values. Both these incubation times have been shown to provide reliable estimates of in vivo DMD (Lippke et al., 1986; Krysl et al., 1988) . In the present study, incubation of identical hay with ruminal fluid from intake-restricted rams resulted in estimated digestibilities below ad libitum intake estimates for the same technique. This phenomenon suggests that the in vitro portion of the indigestible fiber analysis is sensitive to effects of intake on in vitro fermentation conditions similar to INVITRO procedure.
Both indigestible ADF and NDF reported by Cochran et al. (1986) had similar and nearly complete fecal recoveries with harvested hays, but when freshly harvested fescue was fed, recovery was less than 50%. In the present study, fecal recoveries were similar but low among the four indigestible fiber markers when grass hay was either limit-fed or provided ad libitum. Although variable fecal recoveries were noted for the indigestible fiber methods with diets containing concentrate, most recoveries were within 10 percentage units of complete recovery. Results for the alfalfa hay-corn diet are in agreement with data presented by Krysl et al. (1988) . These authors noted that INDF96 resulted in accurate estimates of diet digestibility for two diets with potentially negative associative effects, alfalfa hay-milo and prairie hay-milo. Inaccurate digestibility estimates from feed to feces ratios of these indigestible markers tend to reflect an underestimation rather than an overestimation of in vivo digestibility (Hunt et al., 1984; Cochran et al., 1986; Lippke et al. 1986; Krysl et al., 1988) . Underestimation suggests that a loss of marker from the amount fed occurred either through digestion in the animal or in the laboratory measurement. Lippke et al. (1986) suggested that marker recovery is associated negatively with particle size of the ground feed and feces. Cochran et al. (1988) suggested that more attention should be given to sample preparation and use of grinding mills that provide a more uniform paaicle size. In the current study, use of a 2-mm grind size may have led to a difference in particle size of feed compared to feces. This might have caused differential filtration and thus differential loss of feed and feces. Use of different grind sizes for feed vs feces might alleviate this problem, but without data to substantiate the correct choice, any alteration would be arbitrary. Correspondingly, both favorable and unfavorable results (Krysl et al., 1988) have been reported when feed and feces have been ground using a 2-mm (Krysl et al., 1988) or l-mm (Cochran et al., 1986 (Cochran et al., , 1988 grind size for both feed and feces.
Previously, these authors suggested that the incomplete fecal recoveries may be evidence for gastrointestinal digestion of these in vitro "indigestible" substances. Unfortunately, determination of whether grind size and(or) gastro-intestinal digestion is the operating factor is not possible.
All previously mentioned digestibility estimation techniques have an inherent error if used in a static manner. Incubation of feed and(or) feces for fixed times, either to estimate digestibility or to extract a marker, assumes that a similar extent of digestion is occurring in vivo. Caution should be exercised in using these techniques if the method has not been verified with similar feeds and digestive and environmental conditions.
Feed to feces ratios of ADL, APLPRE and APLPST appeared to provide better results when the forage source was grass hay rather than legume hay. Acid detergent lignin provided statistically similar estimates to INVlVO with the ad libitum grass hay and grass haysoybean meal diets and was within 5 digestibility percentage units of INVIVO with limitfed grass hay. Cochran et al. (1988) reported that APLPST and APLPRE provided more reliable estimates of in vivo digestion than ADL with steers fed fresh, immature bluestem range diets. In the present study, only APLPST with the grass hay diet provided ad libitum yielded digestibilities statistically similar to INVIVO, although this value was within 5 digestibility units for the limit-fed grass hay diet. Allinson and Osboum (1970) noted that changes in the lignin fraction of alfalfa occurred in the rumen, making lignin appear to be digested or modified. Jung and Fahey (1983) indicated that there are no known mammalian or bacterial enzymes capable of degrading polymerized phenols. Van Soest (1982) attributes problems with incomplete fecal recovery to contamination of assayed crude lignin with digestible compounds, absorption of low molecular weight lignin fragments and an inverse relationship of lignin to particle size of feed compared with feces, resulting in a greater loss of lignin from fecal than from feed particles.
Researchers working with alkaline hydrogen peroxide treatment of low-quality roughages have shown a 40 to 50% reduction in ADL concentration (Cochran et al., 1988; Kerley et al., 1988) . However, in the current study, only the fescue hay exhibited this characteristic decline in ADL when previously treated with alkaline hydrogen peroxide. Additionally, fescue hay diet digestibilities were predicted more accurately by these procedures than were digestibilities of the alfalfa hay diets. Although published data on the effect of alkaline hydrogen peroxide treatment of alfalfa hay are not available, current results suggest that the alfalfa hay used in this study had a higher percentage of lignin insoluble in alkaline hydrogen peroxide than fescue did.
Fecal recovery of lignin markers with the fescue hay and fescue hay-soybean meal diets provided ad libitum did not match the results noted with digestibility. With a diet of fescue hay and soybean meal, fecal recoveries for ADL and APLPRE were identical (99.2%) but digestibility differed by 7.5 percentage units.
Similarly, when fescue hay was provided ad libitum fecal recoveries of all three lignin markers were below values expected based on digestibilities. One reason for this discrepancy may be the mathematics employed. Fecal recovery is the ratio of total marker excreted to consumed, whereas digestibility is the inverse of the ratio of the percentage of marker. Slight rounding errors and the nature of ratios may influence this data. Additionally, animal to animal variation with these lignin markers was large and may have caused some of the deviation noted.
Limiring intake of roughages usually has been accompanied by only a slight increase in in vivo apparent digestibility (Blaxter et al., 1956; Anderson et al., 1959; Waite et al.. 1964) . One possible reason for only a slight drop in digestibility with increased intake has been proposed by Hungate (1966) , who suggested that on chopped forage diets, intake rarely exceeds the capacity for ruminal microbes to digest. Data in this study show the same trend, with fescue hay decreasing .5 percentage units and alfalfa hay decreasing 2.0 percentage units as intake increased. Examination of the current data for this trend shows that only with the fescue hay diets did the in situ or lignin techniques display this trend. All methods utilizing an in vitro fermentation showed the opposite trend. Time of sampling of ruminal contents may have been responsible for this trend. The similar response exhibited by INVlTRO and the indigestible fiber methods suggests that these techniques may be susceptible to the same bias.
implications Across all diets fed in this study, one method for estimating diet digestibility did not prevail. Although not statistically tested, a trend was noted for some groups of techniques to be superior for either a specific dietary condition or a group of diets. In general, the INVITRO method may be preferred across grass or alfalfa hay diets provided ad libitum whereas the IADF96 method might be preferred with forage diets containing concentrates. Restricting forage intake seemed to cause forage type (alfalfa vs grass) to alter the accuracy of a given technique such that in situ methods worked best with alfalfa hay and lignin methods worked best with grass hay. Results of this study are interpreted to suggest that techniques should be selected that are appropriate for the diet fed: widespread use of one method across all diets should be avoided. Validation of the selected marker is necessary to confirm the selection process. Furthermore, adjustments in terms of the length of in vitro incubation and(or) the timing of inoculum removal with any technique involving artificial digestion procedures should be attempted to more closely mimic in vivo digestion conditions, but whether such adjustment will prove valid for detecting changes in forage quality or with supplementation remains questionable.
